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SUMMARY
It has been hypothesized that the Drosophila 4 th chromosome is derived from an ancient X chromosome [1] . In the Australian sheep blowfly, Lucilia cuprina, the heterochromatic X chromosome contains few active genes and orthologs of Drosophila X-linked genes are autosomal. Of 8 X-linked genes identified previously in L. cuprina, 6 were orthologs of Drosophila 4 th -chromosome genes [2] . The X-linked genes were expressed equally in males and females. Here we identify an additional 51 X-linked genes and show that most are dosage compensated. Orthologs of 49 of the 59 X-linked genes are on the 4 th chromosome in D. melanogaster. Because painting of fourth (Pof) is important for expression of Drosophila 4 th -chromosome genes [3] , we used Cas9 to make a loss-of-function knockin mutation in an L. cuprina Pof ortholog we call no blokes (nbl). Homozygous nbl males derived from homozygous nbl mothers die at the late pupal stage. Homozygous nbl females are viable, fertile, and live longer than heterozygous nbl females. RNA expression of most X-linked genes was reduced in homozygous nbl male pupae and to a lesser extent in nbl females compared to heterozygous siblings. The results suggest that NBL could be important for X chromosome dosage compensation in L. cuprina. NBL may also facilitate gene expression in the heterochromatic environment of the X chromosome in both sexes. This study supports the hypothesis on the origin of the Drosophila 4 th chromosome and that a POF-like protein was required for normal gene expression on the ancient X chromosome.
RESULTS AND DISCUSSION

L. cuprina X-Linked Genes Are Dosage Compensated
Genetic and physical maps of the Lucilia cuprina chromosomes showed that the five major linkage groups or Muller elements (A-E) of D. melanogaster are conserved [4] . For example, Muller element A is chromosome 3 in L. cuprina but the X chromosome in D. melanogaster [4] . The large X chromosome in L. cuprina is mostly heterochromatic and appears to contain few genes [5, 6] . To extend our initial observations on X-linked genes to the whole genome, X-linked scaffolds were identified by mapping reads from Illumina DNA sequencing of L. cuprina male and female genomic DNA to the assembled genome [7] . For an X-linked scaffold, female DNA would produce more reads than male DNA. A copy-number-variation approach was used to find those scaffolds or areas of scaffolds that had approximately twice the sequencing depth in females as in males. For some of the very long scaffolds, such as scaffolds 43 and 75, only part of the scaffold appears to be X linked ( Figure S1 , top and middle panels). This was only observed in the longest scaffolds, suggesting an error in the assembly process in the first version of the assembled genome. Other scaffolds, such as the 402 kb scaffold 328, were entirely associated with the X chromosome ( Figure S1 , bottom panel). Importantly, we had previously shown by qPCR that all of the genes on scaffold 328 are X linked [2] . Fifty-one scaffolds were X linked or contained regions that were X linked. Of these 51 scaffolds, 41 contained orthologs of Drosophila genes. Of the 59 orthologous genes on the X-linked scaffolds, 49 are located on chromosome 4 in D. melanogaster (Table S1 ). Thus, this supports the earlier conclusion that the X chromosome corresponds to linkage group F in Lucilia [8] . The remaining ten orthologs are on the autosomes or the X chromosome in D. melanogaster (Table S1 ). All 8 genes previously determined to be on the X chromosome by qPCR [2] are present on the X-linked scaffolds. In addition, we confirmed by qPCR that three additional genes identified on X-linked scaffolds (orthologs of mav, yellow-h, and CG1909) are on the X chromosome (Table S2) . Orthologs of 24 genes (JYalpha, RpS3A, CG32000, NfI, Rad23, Zip102B, Hcf., CamKI, bip2, Pur-alpha, Ephrin, Gat, Ekar, CG11148, CG11077, CG11076, ATPsynb, CamKII, Zyx102EF, Rfabg, Arf102F, PIP4K, Mitf, and Cadps) that are on chromosome 4 in D. melanogaster were found to be on autosomal scaffolds in L. cuprina. Consistent with this analysis, we had previously shown by qPCR that orthologs of the Ephrin and ATPsynb genes are autosomal in L. cuprina [2] . The LcDyrk3 gene is on scaffold 43 but in the region that does not show a copy-number gain in females, and so appears to not be on the X chromosome ( Figure S1 , top panel).
To determine whether the X-linked genes are dosage compensated, RNA was isolated from hemisected 1-to 3-day-old males and females, prepared for RNA sequencing (RNA-seq), and sequenced. Abdomens were discarded, as they contain most of the sexually dimorphic tissue. Illumina reads were mapped back to annotated genes on the genome. Normalized expression (fragments per kilobase of transcript per million mapped reads, or FPKM) across three biological replicates was determined and the male/female ratios were calculated (Table S1) . Genes with no expression in some replicates could not be tested because variance could not be calculated. Most of the X-linked genes appear to be dosage compensated, as male/female expression ratios did not differ significantly from one ( Figure 1 ; Table S1 ). Five of these genes (Lcaru, LcSlip1, LcThd1, Lczfh2, and Lcgw) had been previously shown by qRT-PCR to be expressed equally in males and females [2] . Two genes, LcRho-5 and LcActbeta, were expressed at higher levels in males than females whereas the LcLin29 and Lcsv RNA levels were higher in females. Significant RNA levels were not detected for 21 of the X-linked genes (Table S1 ). However, two (LcCG1970 and LcEph) of these 21 genes were previously shown to be dosage compensated by qRT-PCR [2] .
nbl, an Ortholog of Pof, Is Essential for Male Viability In D. melanogaster, POF is bound to active genes on chromosome 4 [9, 10] . Pof mutant flies are fully viable and show a small but significant reduction in transcription of 4 th -chromosome genes [11] . Interestingly, flies with one copy of chromosome 4 are viable but die if also mutant for Pof [11] . The presence of a chromosome-wide regulatory system essential for survival of haplo-4 th individuals led to the suggestion that the Drosophila 4 th chromosome was derived from an X chromosome [12] . [13] . Following the Drosophila nomenclature of naming genes based on the loss-of-function phenotype (see below), we propose naming the L. cuprina ortholog the no blokes (nbl) gene (''bloke'' is a common term for ''male'' in Australia). In L. cuprina, sex is determined by the transformer (tra) gene [14, 15] . We considered the possibility that nbl might be sex specifically expressed and regulated by tra. As in Drosophila, in L. cuprina TRA is thought to combine with TRA2 and regulate RNA splicing through binding to 13 nt TRA/TRA2 sites in RNA transcripts [14, 15] . For example, the sex specifically expressed L. cuprina doublesex gene contains 8 predicted TRA/ TRA2 sites in the 3 0 UTR of the female-specific exon [16] . However, the nbl gene does not contain any predicted binding sites for the TRA/TRA2 protein complex (STAR Methods). Further, we found no evidence for sex-specific RNA splicing ( Figure S2 ).
To assess gene function, we generated a loss-of-function allele using the CRISPR/Cas9 system for site-directed mutagenesis. A guide RNA (gRNA) was designed against a sequence in the nbl exon that encodes the conserved RNA recognition motif (RRM) domain. A gene construct was made that contains a constitutively expressed red fluorescent protein marker gene flanked by approximately 1 kb homology arms from either side of the gRNA-targeted sequence ( Figure S3 ). Precellular L. cuprina embryos were injected with a mixture of plasmid DNA with the marker gene construct, gRNA, and helper mRNA that encodes Cas9. The 88 G 0 adults that developed from the injected embryos were backcrossed with the parental strain, and G 1 offspring were screened for red fluorescence. One cross (number 30, female G 0 parent) produced transgenic offspring, which were backcrossed with the wild-type strain, and transgenic offspring were selected for red fluorescence. To eliminate any off-target mutations that may have arisen, this process was repeated for an additional five generations. Subsequently, the line was maintained by selecting for red fluorescence at each generation. A molecular analysis of homozygous females confirmed that in the line the marker gene had correctly integrated into the nbl gene within the region of exon 2 that encodes the RRM domain ( Figure S2 ). If expressed, it is possible that the truncated NBL protein has some functionality, although the protein would most likely have little, if any, RNA binding activity.
To determine whether nbl is essential for males, heterozygous males and females were crossed and the larval offspring were separated by sex and intensity of the red fluorescence (homozygous larvae show stronger red fluorescence than heterozygotes). To sex larvae, the parental males carried an additional green fluorescent protein marker gene on their X chromosome. Males homozygous for the loss-of-function mutation were fully Violin plots represent the normalized log(MeanCounts +1) of X-linked genes for RNA mappings of wild-type to the reference. Descriptive statistics for each dataset are shown as box-and-whisker plots indicating median and quartiles within the main body. Violin outlines illustrate the distribution of counts, with the width of the shaded area representing the proportion of the total data located at that value. See also Figure S1 and Tables S1 and S2. viable (Table 1) . We considered the possibility that maternal nbl expression was rescuing the homozygous male offspring. Thus, we next crossed heterozygous nbl males with homozygous females and the larval offspring were sexed and separated on the basis of red fluorescence intensity as previously. From these crosses, over 99% of the homozygous males died ( Table 1 ). The males died at the late pupal stage, with a few appearing to fully develop but failing to fully eclose from the pupal case. Homozygous females were viable (Table 1) . To assess fertility, homozygous nbl females were crossed with homozygous nbl males (from heterozygous mothers). The crosses produced only females (Table S3) . We considered the possibility that, although viable and fertile, the homozygous females may have reduced lifespan compared to heterozygotes. The results from three independent assays found significant differences in longevity across the 3 groups, with homozygous females showing the longest survival and heterozygous females the shortest ( Figure S4) . The difference in longevity between homozygous and heterozygous females was significant (p < 0.05).
Our finding that nbl is essential for male viability could form the basis of a novel approach for genetic control of L. cuprina, which is a major agricultural pest [17] . We previously developed transgenic strains of L. cuprina that carry conditional female-lethal genes [18, 19] . Models suggest that such strains could be effective for suppression of populations [20] . In Drosophila, expression of msl2 in females is lethal due to activation of X chromosome dosage compensation [21] . Future studies on factors that interact with NBL could lead to the identification of a male-specific protein or RNA that is essential for dosage compensation in L. cuprina. If so, this could provide a means for developing a conditional female-lethal system as a consequence of increased expression of X chromosome genes in female L. cuprina. Targeting the nbl gene directly with a Cas9-based gene drive system [22, 23] could also provide a means for genetic suppression of a population. As males can mate more than once, reducing the male population of L. cuprina would most likely be a less efficient means for population suppression than targeting a gene essential for females. However, a potential advantage of targeting the nbl gene is that nbl mutant females are fully viable and fertile and show no diminished longevity, which could facilitate spread of a Cas9-based gene drive.
nbl Is Essential for X Chromosome Gene Expression A male-specific lethal phenotype is consistent with an essential role for nbl in X chromosome gene expression. Because the nbl males died toward the end of pupal development (day 8), RNA was isolated from mid-stage (day 4) pupae. RNA-seq was performed and reads were aligned to the reference genome [7] (STAR Methods; Table S4 ). Normalized reads obtained using the Cuffnorm program were used for calculating the ratios of transcript levels in nbl homozygotes relative to heterozygotes for each sex. Most genes showed a decrease in transcript abundance in homozygous males compared to heterozygous control males (Figure 2 ). Several genes also showed a decrease in RNA levels in homozygous females compared to heterozygous control females (Figure 2 ). We next verified these results by qRT-PCR analysis of 11 selected genes (Figure 3 ). Transcript levels were significantly reduced in homozygous males compared to sibling heterozygous males for 10 of the genes (p < 0.05). Transcript levels were reduced approximately 2-fold in homozygous males (1.5-to 3.3-fold range, 2.2-fold mean) for these genes. The exception was the Lczfh2 gene, which showed no change in gene expression, as was also seen with the RNA-seq data (Figure 3) . One interpretation of these results is that nbl is essential for X chromosome dosage compensation. That male-specific lethality occurs at the late pupal stage is most likely a consequence of the small number of genes that are X linked in L. cuprina. In D. melanogaster, msl mutant males die at late larval/early pupal stages, but there are many more genes on the X chromosome than in L. cuprina [24] . It would seem the transition stages of larvae/pupae and pupae/adult are most sensitive to disruption in X chromosome gene expression. Maternal nbl gene expression in heterozygous mothers apparently provides sufficient protein for nbl males to complete pupal development and survive the pupae-to-adult life transition.
Transcript levels were also reduced to a lesser extent in homozygous nbl females compared to heterozygotes (Figure 3) . The decrease in RNA levels in homozygous females was small (1.3-fold mean) but significant (p < 0.05) for all genes except LcCG1909 and Lczfh2. However, the RNA levels were significantly higher (p < 0.05) in homozygous nbl females compared with homozygous nbl males for 7 of the genes (LcAru, LcCG1970, LcCG1909, LcEph, Lcmav, LcThd1, and Lcyellow-h). The decreased expression of X-linked genes in nbl homozygotes in both sexes suggests that NBL may be important for facilitating normal levels of gene expression in the heterochromatic environment of the X chromosome. Similarly, POF appears to facilitate transcription of genes on the heterochromatic 4 th chromosome in D. melanogaster [3, 10] .
The larger decrease in X-linked transcripts in homozygous males compared to homozygous females could occur if NBL protein is limiting and consequently more NBL would be bound per X-linked gene in wild-type males than females. This could produce enhanced expression of X-linked genes in males.
Another possibility is that NBL combines with an unknown male-specific factor to enhance transcription of X-linked genes. Given the conservation of the RRM domain, NBL is presumably bound to nascent transcripts in a similar manner as POF in Drosophila [3] . In Drosophila, POF appears to be important for the reduced level of RNA polymerase II pausing observed on 4 th -chromosome genes [10] . It will be of interest to determine whether NBL influences RNA polymerase II pausing on X chromosome genes in L. cuprina.
It is not known how POF is recruited specifically to 4 th -chromosome genes in D. melanogaster. Whatever the mechanism, the importance of NBL for expression of X chromosome genes in L. cuprina would indicate that the POF/NBL RNA targeting mechanism is highly conserved. In Drosophila, small interfering RNA (siRNAs) produced from transcripts of the X-linked 1.688 X repeats, an AT-rich satellite repetitive DNA, appear to play an important role in targeting the MSL complex to the X chromosome [25, 26] . Given the importance of siRNAs in heterochromatin formation [27, 28] , it is possible that siRNAs play a role in targeting POF to the Drosophila 4 th chromosome [10] . Indeed, it has recently been shown that 1.688 X repeats are essential for recruitment of POF to a site on the Drosophila X chromosome [29] . Interestingly, a 190-bp AT-rich satellite DNA is enriched on the X chromosome in L. cuprina [30] . However, the satellite is also present around centromeres on autosomes and is absent from the distal long arm of the X chromosome that is thought to contain active genes. Thus, it would appear unlikely that the satellite DNA would be important for targeting NBL to the L. cuprina X chromosome.
With an improved genome assembly, it may be possible to identify X-specific repetitive DNA sequences in L. cuprina. 
qRT-PCR Analysis of X-Linked Gene Expression in nbl Mutants
Relative transcript levels in RNA from mid-stage pupae that were homozygous or heterozygous for nbl were measured for 4 biological replicates. The mean ratios of transcript levels in homozygous compared to heterozygous siblings of the same sex are shown with SE.
Figure 2. Changes in Gene Expression of X Chromosome Genes in nbl Homozygous Mutants Compared to Heterozygous Siblings
(A) Expression levels (FPKM) of X-linked genes in mid-stage 4-day pupae were calculated from 5 biological replicates. The expression-level ratios of homozygous males compared to heterozygous sibling males are shown in blue with 95% confidence limits. The female homozygous/heterozygous ratios are shown in red. The term ''log ratio'' is used to indicate that the RNA-seq data were log transformed before calculating homozygous/heterozygous ratios. (B) Violin plots represent the normalized log(MeanCounts +1) of X-linked genes for RNA mappings of nbl heterozygotes and homozygotes to the reference. As in Figure 1 , box-and-whisker plots indicating median and quartiles within the main body and outlines illustrate the distribution of counts, with the width of the shaded area representing the proportion of the total data located at that value. See also Table S4 .
In summary, we have shown that X-linked genes are dosage compensated in L. cuprina and that NBL, an ortholog of Drosophila Pof, is required for male viability and for normal levels of gene expression of most X-linked genes. It will be fascinating to determine how NBL is targeted to the X chromosome and how it influences gene expression. If further studies confirm that loss of nbl function has little effect on female fitness, a Cas9-based gene drive targeting nbl in the female germline could be an effective means for genetic control of this major pest of sheep in Australia.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The LA07 wild-type strain of L. cuprina was maintained and embryo microinjections performed as previously described [2] . In brief, adults were kept in mesh cages at 22 C and fed a sugar/water/protein biscuit diet. Larvae were raised on 93% ground beef at 27 C and pupae were kept in a 27 C incubator until eclosion. To make the nbl loss-of-function mutation, pre-cellular embryos were injected with a mix of plasmid DNA carrying the marker gene (0.5 mg/ ml) with Cas9 mRNA (1 mg/ ml) and gRNA (0.1 mg/ ml) for the nbl gene. The Cas9 mRNA and gRNAs were synthesized using the mMESSAGE mMACHINE T7 and MEGAshortscript kits (ThermoFisher) respectively, following the manufacturers instructions. The surviving G 0 adults were crossed back to the parental wild-type strain with 2 G 0 males crossed with 10 virgin females and 5 G 0 female crossed with 10 males. To eliminate any off target mutations, transgenic offspring were backcrossed to the wild-type strain for 5 generations before establishing a line. Homozygous wandering larvae were selected by fluorescence intensity as described previously [18] . To sex larvae, nbl knockout line males were crossed with females from the DR3#9 line [31] , which carries an X-linked ZsGreen marker gene. The offspring were interbred until homozygous for the ZsGreen marker gene and heterozygous for the nbl mutant.
METHOD DETAILS
Plasmid construction
To make the nbl knockout clone, homology arms were obtained by PCR amplification from L. cuprina genomic DNA [2] template using the primer pairs listed. Purified DNA fragments were inserted into the vector pBS[hsp83-RFPex] [18] using unique restriction sites that been incorporated into the PCR primers.
Genomic DNA isolation and copy number analysis Genomic DNA from the parental LA07 strain and nbl homozygous mutants was prepared as previously described [2] . For copy number analysis, LA07 genomic DNA was sheared to approximately 350bp using the Covaris sonicator. Samples were then prepared for sequencing using the Nano DNA Sample Preparation Kit (Illumina Cat# 20015964) according to manufacturer instructions. A quality checked was performed on the Agilent BioAnalyzer before proceeding to the Illumina HiSeq run (125bp single-end reads). Genomic DNA was trimmed for adaptor and quality using Trimmomatic [32] and trimmed reads mapped to the reference using Bowtie2, with an average mapping rate of 81.4% [33] . Copy number alterations were called with the software Control-FREEC [34] with expected GC content set to between 0.2 and 0.6. Optimal window size as calculated by the software was 41,566 bases, with a minimum of 10 reads required to calculate ratios. Ratios between the samples for regions were assessed for significance by Wilcoxon test and Kolmogorov-Smirnov test, as suggested by the software developers. Significance testing and visualization were done in R.
Identification of the L. cuprina nbl gene and PCR analysis
The nbl gene sequence was found in the assembled L. cuprina genome [7] by using a tblastn search with the D. melanogaster POF protein sequence [13] . nbl transcript sequences were found by blastn searching assembled L. sericata transcriptomes [35] . Exon/intron junctions were identified by aligning the transcript sequences with the nbl gene sequence. Macvector (v16) was used to search for TRA/TRA2 sites using the subsequence CWWCAATCAACA, which matches the L. cuprina consensus [36] . For analysis of nbl homozygotes, PCR was performed with the primers listed in Table S5 using conditions described previously [2] .
RNA isolation
Total RNA was isolated from hemisected (head plus thorax) 1-3 day old LA07 wild-type males and females as previously described [2] . To analyze gene expression in nbl mutants, wandering larvae were sexed and separated into homozygotes and heterozygotes as described above. At the first sign of pupation, individual white pupae were placed into a vial and kept at 25 C. After 96 hr (mid-pupal stage), the pupae were flash frozen and stored at À80 C. RNA was prepared from 3 to 6 pupae as described previously [2] .
RNA-Seq analysis
For RNA-seq, approximately 4 mg of total RNA from each preparation were submitted to the North Carolina State Genomic Sciences Laboratory (Raleigh, NC, USA) for Illumina RNA library construction and sequencing. Prior to library construction, RNA integrity, purity, and concentration were assessed using an Agilent 2100 Bioanalyzer with an RNA 6000 Nano Chip (Agilent Technologies, USA). Purification of messenger RNA (mRNA) was performed using the oligo-dT beads provided in the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs, USA). Complementary DNA (cDNA) libraries for Illumina sequencing were constructed using the NEBNext Ultra Directional RNA Library Prep Kit (NEB) and NEB Next Mulitplex Oligos for Illumina (NEB) using the manufacturer-specified protocol. The amplified library fragments were purified and checked for quality and final concentration using an Agilent 2200 TapeStation with a D1000 ScreenTape. The final quantified libraries were pooled in equimolar amounts for clustering and sequencing on an Illumina NextSeq 500 DNA sequencer, utilizing a 150 bp single end sequencing reagent kit (Illumina, USA). The software package Real Time Analysis (RTA), was used to generate raw bcl, or base call files, which were then de-multiplexed by sample into fastq files for data submission. RNA samples were also trimmed for adaptor and quality using Trimmomatic [32] and trimmed reads were mapped to the genome [7] using HISAT2 [37] . Resulting sam files were sorted and converted into bam files and individual replicates run through Stringtie [38] to aggregate expressed reads into an expressed transcriptome for each. Stringtie's stringmerge merged expressed transcriptomes based on the comparisons that were being made. These merged transcriptomes were then used as guidance for Cuffdiff [39] to calculate significance of differential expression between the transcripts. For ratio tests all replicates were aggregated and normalized counts were obtained with cuffnorm [40] to allow for comparisons between all samples. Counts were similarly obtained for wild-type data that had been previously processed with a pipeline analogous to the one described for the RNA experiments above. The t.test.ratio function from the mratios R package was used to determine if ratios reported in Table S1 differed from 1.
qRT-PCR qRT-PCR was performed as described previously [2] using L. cuprina 28S rRNA as the reference gene and a BioRad CFX thermal cycler and BioRad software. The primers used are listed in the Key Resources Table. 
QUANTIFICATION AND STATISTICAL ANALYSIS
The effect of nbl genotype and sex on viability was analyzed using PROC FREQ in SAS. For the analysis of data from crosses with heterozygous nbl/+ mothers, Pearson's Chi-square goodness-of-fit comparing the observed frequencies for the genotypeby-sex classes (+/+, nbl/+, nbl/nbl; male and female) with their expectations under the 1:2:1:1:2:1 hypothesis was not significant (X^2 = 7.1, df = 5, p = 0.2142), indicating that the observed data are consistent with the theoretical proportions in these crosses. For the analysis of data from crosses with homozygous nbl/nbl mothers, the three replicates were aggregated. Pearson's Chisquare test of the hypothesis of equal class frequencies (1:1:1:1 for nbl/+, nbl/nbl male and female) was highly significant (X^2 = À558.6,df = 3, p < 0.0001), indicating that the observed frequency of the nbl/nbl males was significantly reduced.
The effect of nbl genotype and sex on longevity was assessed using the SAS statistical software package. Kaplan-Meier survival curves were estimated for each genotype. The Wilcoxon test of equality of survivorship was highly significant across the 3 genotypes: heterozygous males and females and homozygous nbl females (chi square = 69: 2; df = 2; p < 0.0001). Frailty models, or proportional hazards regression with a random effect for replicates, were used and pairwise comparisons of survival among the three groups analyzed using hazard ratios. The Wald test of equal survivorship based on the frailty model was highly significant across the 3 groups (Wald chi square 18.712, df = 2, p < 0.0001). Homozygous nbl females showed the longest survival and differed significantly from heterozygous females (p < 0.05) but not heterozygous males (p = 0.12).
To investigate sex and genotype effects on gene expression, simple linear models (SAS PROC GLM) were fitted with homozygousto-heterozygous expression ratios as the response.
DATA AND SOFTWARE AVAILABILITY
The accession number for the raw data for the RNA-seq and the DNA copy number experiments reported in this paper is SRA BioProject: PRJNA450794. The accession numbers for the LA07 strain nbl gene and for the nbl knockout gene construct are NCBI: MH187600 and MH173327, respectively.
